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Switch-of-Function Mutants Based on Morphology
Classification of Ras Superfamily Small GTPases
dues that can be mutated to engineer proteins that lose
their function or mutants that assume persistent activity.
Amino acid positions for such loss-of-function muta-
Won Do Heo and Tobias Meyer*
Department of Molecular Pharmacology
Stanford University School of Medicine
269 Campus Drive, Room 3215 tions were typically obtained by random mutagenesis,
alanine scanning, or by alignment of related sequencesStanford, California, 94305
and identification of divergent amino acids in proteins
with different function. Casari et al. (1995) and Lichtarge
et al. (1996a) developed a method to predict amino acids
for functional specificity by defining different functionalSummary
classes according to sequence homology. They then
inferred the location of functional sites in proteins bySignaling proteins from the same family can have
markedly different roles in a given cellular context. identifying invariant residues in a class that were at the
same time variant between classes. In this evolutionaryHere, we show that expression of one hundred consti-
tutively active human small GTPases induced cell mor- trace analysis, the predicted residues were mapped
onto a representative structure, leading to predictions ofphologies that fell into nine distinct classes. We devel-
oped an algorithm for pairs of classes that predicted catalytic sites and interaction surfaces for SH2-domains
(Casari et al.,1995), trimeric G proteins (Lichtarge et al.,amino acid positions that can be exchanged to create
mutants with switched functionality. The algorithm 1996b), and RGS proteins (Sowa et al., 2001). The latter
study used mutagenesis to test predicted residues inwas validated by creating switch-of-function mutants
for Rac1, CDC42, H-Ras, RalA, Rap2B, and R-Ras3. the catalytic pocket and showed that they were impor-
tant for the specific catalytic activity of RGS proteins.Contrary to expectations, the relevant residues were
mostly outside known interaction surfaces and were Ranganathan and coworkers introduced a different ap-
proach to identify functionally relevant amino acids thatstructurally far apart from each other. Our study shows
that specificity in protein families can be explored by is based on the identification of pairs of residues that
exhibit correlated changes in a set of related sequencescombining genome-wide experimental functional classi-
fication with the creation of switch-of-function mutants. (Lockless and Ranganathan, 1999). When applied to sets
of trimeric G proteins and proteases, this algorithm pre-
dicted an allosteric connectivity between distant struc-Introduction
tural positions (Suel et al., 2003).
Despite these promising results, we found that theseMost mammalian proteins are part of large families with
similar structures, enzymatic roles, and molecular inter- methods did not predict a sufficiently narrow and ranked
list of switch-of-function sites in small GTPases thataction mechanisms. Despite these similarities, proteins
within such families often have markedly different cellu- could then be tested experimentally. We reasoned that
an effective “switch-of-function algorithm” should in-lar roles. This is particularly striking for mammalian sig-
naling proteins, where relatively small variations in se- stead be based on an experimental classification method
that reflects the different physiological functions of mem-quences have created large repertoires of related
proteins with different cellular functions. The first ques- bers in a protein family. Furthermore, this algorithm
should extract information from related but untestedtion that arises is how many distinguishable functions
do proteins from the same family have in a particular sequences in the database without having to choose
sequence homology thresholds.cell? This functional classification problem can be
solved experimentally by using a sufficiently complete Ras-related small GTPases that include proteins from
the Ras, Rho, Arf, Ran, Rab, and RGK families (Mackayset of proteins from a given family and by using cell-
based or biochemical assays to test for function. The and Hall, 1998; Takai et al., 2001; Vojtek and Der, 1998)
provide a good model case to investigate how relatedsecond challenging question that arises is which of the
amino acids in a functional class are relevant for func- signaling proteins can have different cellular roles. In
tional specificity? humans, approximately 150 of these signaling proteins
A main step forward toward an understanding of spec- are known to be expressed, and several of them have
ificity would be the identification of a minimal number been extensively studied because of their roles in cancer
of amino acids that can be exchanged in a signaling (Hanahan and Weinberg, 2000), vesicle trafficking (Zerial
protein so that its current function is switched to the and McBride, 2001), differentiation (Hernandez-Alco-
different function of a related protein. The solution to ceba et al., 2000), chemotaxis (Weiner, 2002), and the
this problem requires both an experimental assay for control of cell morphology (Hall, 1998). In a given mam-
functional classification and an algorithm that ranks the malian cell, a large number of small GTPases are present
relevant residues for creating switch-of-function mu- at the same time and are thought to be intermediates
tants. In most studies of functional specificity, this in an extended cellular signaling and transport network
switch-of-function problem has not been directly ad- that touches on nearly every aspect of cell function. The
dressed, but researchers have instead focused on resi- molecular activation mechanism of small GTPases is
well understood and typically involves a GDP to GTP
exchange that is catalyzed by guanine nucleotide ex-*Correspondence: tobias1@stanford.edu
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Figure 1. Isolation of Human Small GTPases and Generation of CFP-Conjugated Constitutively Active Enzymes
(A) Schematic representation of the conjugation of CFP to the small GTPases. The localization motifs of the small GTPases were marked (
for polybasic regions, P for palmitoylation, F for farnesylation, GG for geranyl geranylation, and M for myristoylation.)
(B) Sequence alignment of a selection of subfamily members. The site in the third GTP binding region that was used to create constitutively
active enzymes is highlighted in red.
(C) Subcellular localization of CFP and of CFP conjugated to a subset of the small GTPases imaged in live NIH3T3 cells. Scale bar is 20 m.
(D) Two-dimensional version of an evolutionary tree showing the sequence distances between all known small GTPases (1075). In this two-
dimensional principal components plot, the x axis represents the first and the y axis the second principal component of the relative sequence
distances. Ras, Rab, Arf, and Rho subfamilies can be clearly distinguished as clusters that project away from the center. The subset of 100
tested human small GTPases (yellow) covered most of the known small GTPase sequence space (black).
change factors (GEFs) (Cherfils and Chardin, 1999) and Results
which triggers an allosteric movement of a switch 1 and
switch 2 domain involved in effector interaction. The Assembling a Set of Small GTPases
Using PCR reactions with gene-specific primers andactive state is turned off by GTP hydrolysis by GTPase-
activating proteins (GAPs) (Ridley, 2001). In the active different human cDNA libraries, we isolated the cDNAs
for 132 of the 150 known human small GTPases. A cyanGTP bound state, many of the small GTPases studied
were found to activate multiple effector proteins (Bar- fluorescent protein (CFP) tag was conjugated to the N
terminus of all isolated Ras, Rho, Rab, Ran, and RGKSagi and Hall, 2000).
Our study introduces a combined algorithm and ge- subfamily members, since most of these subfamily mem-
bers have localization motifs, such as palmitoylation, farn-nome-based experimental strategy to classify the func-
tions of an entire protein family and to understand the esylation, and geranyl geranylation sites or polybasic
residues at the C terminus. Given the N-terminal myris-structural basis for specificity for each of the functional
classes. By applying this strategy to the Ras superfamily toylation of many Arf members, Arf proteins were conju-
gated at the C-terminal end with CFP (Figure 1A).small GTPases, we were surprised to find that the differ-
ent members of this family can induce nine distinguish- We then selected a representative subset of 100 of the
human small GTPases and mutated them to a predictedable morphology classes and that the residues that de-
fine the filopodia, lamellipodia, polar, and eyelash constitutively active form. The mutations to generate
constitutive activity were mostly based on the K-Rasmorphology classes were mostly outside known effector
interaction surfaces and were far apart from each other. derived oncogenic Gln to Leu mutation at position 61
Morphology Classes of Ras Superfamily Small GTPases
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Figure 2. Cell Morphology Changes Induced by Constitutively Active Small GTPases Can Be Grouped into Nine Classes
(A–J) Two examples of different small GTPases are shown for each of the morphology classes. The classification of each small GTPase was
based on visual inspection of at least three separate experiments with NIH3T3 cells as well as on control experiments using HeLa cells and
Swiss 3T3 cells. The morphologies were examined with TRITC-phalloidin staining after fixation and permeabilization, as described in the
Experimental Procedures section. Scale bar  20 m.
(K) Sequence homologies between human small GTPases and the induced cell morphologies. Homologies were analyzed with a Clustal W
MSA algorithm and represented in an evolutionary tree plot. Each morphology class is marked by different colors.
(in the guanine nucleotide binding motif; G3) (Kaziro Procedures). Expression of the transfected constitu-
tively active small GTPases was confirmed in individualet al., 1991). As shown in Figure 1B, the G3 guanine
nucleotide binding motif appeared well conserved for NIH3T3 fibroblasts by fluorescence microscopy of the
CFP protein tag. As shown in the examples in Figuremany of the small GTPases. The mutation strategy was
modified for some of the enzymes (see Experimental 1C, we observed a similar subcellular localization when
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a direct comparison could be made to previously studied ARHE induced a marked cell rounding (Figure 2B). Cells
transfected with CDC42, CDC42h, TC10, and TCL con-small GTPases (i.e., Bucci et al., 1992; Choy et al., 1999;
Peters et al., 1995; Ren et al., 1993; Serafini et al., 1991). structs showed extensions of thin processes that have
been termed filopodia (Figure 2C), while cells trans-We then determined how this constitutively active hu-
man small GTPase set is related to other known small fected with Rac1, Rac2, Rac3, and RhoG constructs
extended lamellipodia that consisted of mostly circularGTPases from different species by collecting sequences
of known small GTPases from the PFAM, NCBI, and membrane sheets (Figure 2D). Transfection of RhoA,
RhoB, and RhoC constructs induced polymerized actinSwissprot databases. After removing partial and identi-
cal sequences, we obtained 1075 sequences that were bundles or stress fibers that reached across the cell
(Figure 2E). Only RhoD and RhoH did not show a signifi-aligned using a Clustal W algorithm (Megalign, DNAStar).
In a visualization tool that has been termed a principal cant morphology change.
Arf family small GTPases induced two types of mor-components plot (Krzanowski, 1988), each small GTPase
can then be represented by a dot with distances be- phologies. Several members of the Arl family induced a
shrunken morphology (Figure 2F), while Arf6 had one oftween the dots reflecting sequence homologies. In this
two-dimensional version of an evolutionary tree, the the most distinct morphologies with multiple character-
istics that included broader cell arms, local membranemembers of the Arf, Ras, Rho, and Rab subfamilies were
located in distinct clusters that pointed away from the spreading, filopodia extensions as well as actin polymer-
ization throughout the cell body and along the cell pe-center. Ran, a small GTPase involved in nuclear trans-
port and other cell functions, was part of a less-defined riphery (Figure 2G). Within the shrunken morphology
class, Arl 1, Arl 2, and Arl 3 could be considered as acentral region (Figure 1A). As depicted by the yellow
dots, the selected 100 constitutively active enzymes subclass with less pronounced shrinkage and occa-
sional induction of short filopodia type processes thatspan most of the sequence space of the known small
GTPases from humans and other species. have been termed microspikes in other studies.
Cells transfected with Ras family small GTPases alsoIn a number of interesting previous studies, different
constitutively active small GTPases were shown to in- showed two distinguishable morphology classes. The
oncogenic H-, K-, and N-Ras induced a marked polar-duce marked cell morphology changes. For example, in
Swiss3T3 cells, Rac1, CDC42, and RhoA were shown ized morphology with membrane ruffles and strong actin
staining at a polar end of the cells (Figure 2H), whileto induced lamellipodia, filopodia, and stress fibers, re-
spectively (Ridley and Hall, 1994). In rat DRG cells, TC10 cells transfected with most of the remaining members
showed cell spreading combined with hairlike filopodiawas found to induce neurite extension (Tanabe et al.,
2000), and in NIH3T3 cells, RhoG induced lamellipodia formation with pronounced polymerized actin boutons
at their ends (Figure 2I). The spreading of these cellsformation (Roux et al., 1997). While these and other
reported morphological results give important insights has a resemblance to eyelashes and looks markedly
different from the morphology of lamellipodia inducedinto cellular functions of several of the small GTPases,
these studies were carried out using different cell types by Rac or RhoG or the polarized morphology induced
by Ras.under different experimental conditions, and the results
for individual proteins are thus difficult to compare with Finally, several of the Rab family members had also
a strong effect on cell morphology. Rab4B, Rab13,each other.
In order to obtain a parallel comparison of the different Rab22A, Rab23, and Rab35 induced a local spread mor-
phology characterized by local lamellipodia extensionsmorphologies induced by small GTPases, we expressed
each member in our set of 100 constitutively active small and occasional filopodia induction (Figure 2J). Rab8 and
Rab8B had the most dramatic effect on cell morphologyGTPases using the same experimental conditions and
the same NIH3T3 cell line and also confirmed the results of all constructs tested and, like Arf6, fell into the multiple
morphology class characterized by large branchedwith HeLa and Swiss3T3 cells. The induced changes in
polymerized actin and in the morphology of cells were structures with local lamellipodia and filopodia (Fig-
ure 2G).evaluated by fixation and rhodamine-phalloidin staining.
The CFP tag was used as a marker to identify transfected
cells. As shown in Figure 2A, cells transfected with CFP Class Boundaries between Small GTPases
construct alone had a morphology indistinguishable from with Different Functions Are Not Predictable
untransfected cells, implying that the expression of CFP by Sequence Homology
in NIH3T3 cells does not affect cell morphology on its The relationship between sequence homology and the
own. morphological activities of small GTPases can best be
assessed in an evolutionary tree plot (Figure 2K). The
nine identified morphology classes are marked by differ-Classification of Induced Cell Morphologies
56 of the expressed small GTPase constructs triggered ent colors. Interestingly, while proteins that were part
of the same functional class had often related se-no significant morphology changes, while 44 induced
marked morphology changes. The induced morpholog- quences, the boundaries between many of the different
morphology classes could not have been predicted fromies were clearly distinguishable from each other and fell
into only nine distinct classes. To our knowledge, several sequence homology. For example, the polar morphol-
ogy induced by H-Ras is a subgroup within the proteinsof the observed morphologies and most of the morphol-
ogy class assignments have not yet been reported pre- that induce the eyelash morphology, and the threshold
setting used in evolutionary trace and similar algorithmsviously.
The Rho family members Rho6, Rho7, RhoE, and would therefore identify more than the two actual func-
Morphology Classes of Ras Superfamily Small GTPases
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Figure 3. Swapping the SW1 and SW2 Domains Involved in Effector Binding of Rac1 and CDC42 Had No Significant Effect on Their Functional
Roles
(A) Sequence comparison of Rac1 and CDC42. SW1 and SW2 domains are underlined.
(B) Cell morphologies of expressed Rac1 mutants with amino acids in the SW1 region that were exchanged with those in CDC42.
(C) Cell morphologies of expressed CDC42 mutants with amino acids in the SW1 region that were exchanged with those in Rac1. Scale bar 
30 m.
tional classes. It would also not have been obvious when difficult task. The two small GTPases differ by 56 amino
acids and the number of possible combinations of singlelooking at sequence homology alone whether or not
RhoG is part of the Rac morphology class and whether amino acid mutations is larger than 1016. We first at-
tempted to use the known structures of the two proteinsTC10 and CDC42 are part of the same or of different
morphology classes. Most ranges of chosen homology to predict potential functional specificity sites. The
switch 1 and 2 domains (SW1 and SW2) are the regionsthreshold values would lead to different classifications
of Rac1, RhoG, TC10, and CDC42 that would not reflect that show the most dramatic movement after activation
and provide much of the effector binding surface forthe experimentally observed two morphology classes.
These considerations suggest that experimental classi- different small GTPases, suggesting that amino acids
that differ between the two proteins in this region arefication is a preferable strategy over sequence homol-
ogy classification to identify functional classes. The particularly important. Since the SW2 region is con-
served between the two proteins (Figure 3A), one mightquestion then arises whether experimental classification
can be used in combination with an existing or new predict that mutations of the amino acids in the SW1
region (at positions 33, 41, and 42; marked yellow inalgorithm to identify amino acid positions that can be
exchanged to create switch-of-function mutants. Figure 3A) should result in mutants with at least partially
switched functionality. However, when we exchangedAs a test case, we used two proteins in the Rho sub-
family, CDC42, and Rac1. When Rac1, a member of the positions 33, 41, and 42 to the respective complemen-
tary amino acids, no significant effect was observed onlamellipodia class, is compared to CDC42, a member
of the filopodia class, their sequences are 70% identical. either the lamellipodia induction by Rac1 (Figure 3B) or
on the filopodia induction by CDC42 (Figure 3C) for allAssuming that multiple sites are involved in defining
specificity, the identification of the amino acids relevant mutant combinations tested (Table 1), suggesting that
structural arguments alone may not be sufficient to iden-for a switch of function between these two classes is a
Cell
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Table 1. Morphology Changes Induced by Mutation of Rac1 and CDC42
Rac1 (Position) CDC42
47 95 116 144 174 56 33 41 42 134 135 178 LOF GOF 47 95 116 144 174 56 33 41 42 124 130 131 LOF GOF
D A K A R W I S A L T C G E Q K L F V A V S A K
Single mutations V   I  
A   S  
V   A  
G   D  
F * * W * 
E * * A * 
Q * * K * 
K * * A * 
L *  R  
Q K   D  
E   K E  
Switch1 mutations A V *  S A * 
V A V *  I S A * 
Predicted specificity sites
G E Q K L (Rac1-5AA) *** *** D A K A R (CDC42-5AA) *** **
G E Q K L F V A V (Rac1-9AA) *** *** D A K A R W I S A *** **
G E * * D A * 
G Q * * D K * 
G E K ** ** D A A * 
G Q K ** ** D K A * 
G E L ** ** D A R * 
G Q L ** ** D K R * 
G E Q K ** ** D A K A ** 
G Q K L ** ** D K A R ** 
F V * * W I * 
F A V * * W S A * 
F V A V * * W I S A * 
E V A V * * A I S A * 
E K V A V ** * A A I S A * 
E L V A V ** * A R I S A * 
E Q K V A V ** ** A K A I S A ** 
E Q K L V A V *** ** A K A R I S A *** **
G E Q K L F *** *** D A K A R W *** **
E Q K L F V A V *** *** A K A R W I S A *** **
Additional tested sites
G E L E ** ** D A R D * 
G E Q K L E *** *** D A K A R D *** **
G E Q K L F V A V Q K *** *** D A K A R W I S A K E *** **
G E K Q K ** * D A A K E ** 
G E Q K L F Q K ** *** D A K A R W K E *** **
G E K Q K E ** * D A A D K E * 
G E Q K L Q K E *** ** D A K A R D K E ** **
Mutants of CDC42 and Rac1 that have been tested for loss-of-function (LOF) and gain-of-function (GOF). The top row is the position number
in the protein. Italic and normal letters represent the wild-type and mutant amino acids, respectively. All amino acid exchanges had only weak
loss-of-function and no gain-of-function phenotypes. The star representation for LOF was an asterisk (*) for 20%–50%, double asterisks (**)
for 10%–20%, and triple asterisks*** for 10% of cells with a given morphology. The GOF representation was * for 10%–20%, ** for 20%–50%
and *** 50% of cells with the new function.
tify critical amino acids that switch the function of small data as well as available data of related sequences from
GTPases. different species.
The main assumption was that proteins in a morphol-
ogy class have diverged by speciation and gene duplica-Development of a Switch-of-Function Algorithm
tion and that each amino acid position relevant for theWhen we applied the evolutionary trace method to iden-
divergent function of two classes has been under inde-tify function specific amino acids, we obtained a signifi-
pendent selective pressure to remain conserved withincant number of potential residues that were dependent
one functional class and to become divergent in theon where the sequence homology boundaries were set.
other functional class. This assumption leads to the defi-We therefore developed an algorithm that did not use
nition of “conservation distances” and “divergence dis-sequence homology boundaries but used instead a
tances” for each amino acid position, using the experi-strategy to measure a conservation and a divergence
mentally classified proteins as a reference (core group).distance for each of the amino acid positions. Our algo-
CDC42, CDC42h, TC10, and TCL, which induced filo-rithm did not make the structural assumption that
podia, were the first core group, and Rac1, Rac2, Rac3,switch-of-function sites are part of known or predicted
and RhoG, which induced lamellipodia, were the secondeffector interaction surfaces. The input into the algo-
rithm was the experimental morphology classification core group. Amino acid positions were included as po-
Morphology Classes of Ras Superfamily Small GTPases
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Figure 4. Single Site Amino Acid Exchanges Predicted by the Switch-of-Function Algorithm Have Minimal Effects on the Cell Morphology
Induced by Small GTPases
(A) Switch-of-function plot that predicts critical amino acids that need to be exchanged in Rac1 and CDC42 to engineer switch-of-function
mutants. Conservation distances (Con) as well as divergence distances (Div) are shown as percent of sequence identity of the first divergent
and conserved sequence to the respective core group. Bars in green reflect amino acid exchanges that do not involve a charge change, while
red marks exchanges that involve a change in charge.
(B) Lack of a significant effect of individual exchange mutants at the predicted sites. Six single site mutations are shown for the case of Rac1.
Transfected cells in each panel are marked with white arrows. The quantitative results for the different single site mutants are in Table 1.
Mutants that show a small but significant loss-of-function and/or gain-of-function phenotype are marked with an asterisk.
tentially relevant if they were conserved for all members The application of this switch-of-function algorithm
to the measurement of conservation and divergencein one core group and divergent from all members in
the other core group (and vice versa). The conservation distances in Rac1 and CDC42 is shown in Figure 4A
(using the identity conservation matrix). Based on thiscriterion was primarily based on amino acid identity, but
we also used conservation of charge and conservation result, we used site-directed mutagenesis and ex-
changed the most plausible of these 21 different aminoof aromatic amino acids (see below for details).
We calculated the conservation and divergence dis- acids between CDC42 and Rac1 (n  26 mutants). We
then tested the ability of the mutated constructs to trig-tances by sorting all known related proteins from differ-
ent species according to their sequence homology to ger the two morphology phenotypes (Figure 4B). None
of the single point mutation had a major effect on thethe first core group and by sorting a second time ac-
cording to their homology to the second core group (the induced cell morphology; however, a few of the amino
acids showed a weak loss-of-function or a weak gain-same 133 sequences were sorted twice). The conserva-
tion distance was measured for each amino acid posi- of-function phenotype (Table 1). Most of these partially
effective mutants involved a change in charge, and onetion by identifying the first sequence in the list with a
divergent amino acid at this position (defined as the mutant had a change in an aromatic amino acid.
percent identity between this first divergent protein and
the closest member of the first core group). Analogously, Creating Switch-of-Function Mutants for Rac1
and CDC42the divergence distance for each position was deter-
mined by using the sequences sorted according to their We then further developed the algorithm to rank these
positions by making the plausible assumptions that acloseness to the second core group and by finding the
first sequence with a conserved amino acid (again mea- given position is likely relevant for a selective function
when both the conservation and divergence distancessured as a percent identity). The algorithm also checked
for sequencing errors by alternatively picking the second are long, when conserved residues exist at the same
position in both and not only one of the core groupsor third sequence that does not fulfill the criterion.
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Figure 5. Engineering of Rac1 and CDC42 Switch-of-Function Mutants
(A) Bar diagram showing the ranked switch-of-function positions sorted according to their predicted relevance. An iterative procedure,
described in more detail in the text and Experimental Procedures, was used to determine the weight coefficients to calculate the predicted
relevance. The amino acids found experimentally to be most relevant for the switch of function could be separated into a primary group (five
positions) and a secondary group (four additional positions). As in Figure 4, charge changes are shown in red.
Morphology Classes of Ras Superfamily Small GTPases
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(they have to, of course, be different from each other), Rac1 are not a highly stringent test for the switch-of-
function algorithm. As a second test, we predicted theand if the switch in amino acids involves a change in
charge or aromatic amino acid. amino acid changes that switch the polar cell morphol-
ogy induced by H-Ras to the eyelash type morphologySince the distances reflect independent evolutionary
pressures to conserve an amino acid in one class and induced by R-Ras3, RalA, and Rap2B. This is an interest-
ing case where the sequence homology between theto change the same position in the other class, we ad-
dressed the first point by calculating the product of the two classes, H-Ras versus R-Ras3, is closer to each
other than the sequence homology between differentconservation distance times the divergence distance.
We addressed the second point by adding both conser- members of the eyelash class (between RalA, Rap2B,
and R-Ras3). This provides an opportunity to test thevation-divergence products when the residues were
conserved (6 out of the 21 positions in Figure 4A) based algorithm for a case where sequence-based classifica-
tion, such as the evolutionary trace method, would noton the argument that conserved residues at the same
position in both classes likely reflect a dual importance have identified two functional classes.
Using the same weight parameters as for the CDC42of this position for selective morphology functions. We
addressed the third point by creating two additional and Rac1 switch, we calculated conservation and diver-
gence distances (Figure 6A) and calculated a ranked listconservation matrices that select positions with a
change in charge or aromatic amino acid, respectively. of predicted switch-of-function sites (Figure 6B). We
then chose the top two switch-of-function amino acidsThis added two empirical weight factors to the algo-
predicted by the algorithm (again50% of the conserva-rithm.
tion/divergence product) and created switch-of-func-In an iterative procedure to set these weight factors,
tion mutants in which we exchanged these two aminowe made 54 Rac1 and CDC42 constructs with different
acids in all four small GTPases. Strikingly, the mutationcombinations of point mutations, tested each mutant
of the three distant small GTPases Rap2A, RalA, andfor loss of function and gain of function, and adjusted
R-Ras1 that induce eyelashes led in all cases to mutantthe weight factors so that the predicted ranking order
proteins with a near complete switch of function so thatmatched the relevant amino acid positions identified
they now induced a polar morphology. The switch fromexperimentally (Figure 5A and Table 1). In a marked
the eyelash to the polar morphology is shown in Figureresult, this procedure led to both mutant CDC42 (Figure
6C and quantitatively analyzed in Figure 6D. In the re-5B) as well as mutant Rac1 proteins (Figure 5C) that
verse experiment, H-Ras with exchanged amino acidsshowed a near complete switch-of-function characteris-
at the same two positions also showed a marked switchtics. This required in both cases only an exchange of 5
of function to the eyelash phenotype (Figures 6C andamino acids (out of the 56 different amino acids). The
6D). Nevertheless, even though an eyelash morphologymutant CDC42 protein almost completely lost its ability
was consistently created, this switch of function wasto induce filopodia and instead induced lamellipodia.
less dramatic, and a smaller number of eyelash-typeIn the reverse experiment, mutant Rac1 protein now
processes were observed in cells transfected with thecompletely lost its ability to induce lamellipodia and
H-Ras mutant compared to R-Ras3. Several additionalinstead induced filopodia. While mutation of five
mutations that were tried in H-Ras did not, however,charged amino acids was sufficient for a strong switch
point to another equally important switch position (n of function, four additional sites provided a further
12 mutants; data not shown).strengthening of the induced morphologies (Figure 5D).
Similar to the single site mutants of Rac1 and CDC42,The matrix weight parameters in the optimized algorithm
single mutations that we made at both positions for allwere 42% (identity), 25% (charge), and 33% (aromatic).
four of the Ras subfamily small GTPases were not ableNot only did this procedure lead to the engineering
to produce a significant switch-of-function phenotypeof switch-of-function mutants for CDC42 as well as for
(data not shown). It is also interesting to note that theseRac1, the optimized algorithm also correctly ranked the
two critical positions for the morphology function offirst five primary switch-of-function amino acids as well
Ras subfamily proteins were not identified in previousas the next four secondary switch-of-function amino
searches for functionally relevant amino acids and thatacids (Figure 5A). The threshold above which amino
they are not related to the switch-of-function sites thatacids had a marked effect on the switch-of-function
we discovered in Rac1 and CDC42.morphology was approximately 50% of the maximal am-
plitude. The positions tested below this threshold did
not have a significant effect when mutated (Table 1). Discussion
Exploring the Classes of Cell Morphologies InducedApplying the Switch-of-Function Algorithm
to H-Ras, Rap2B, R-Ras, and RalA by Ras Superfamily Small GTPases
As a first main result of our study, we classified theSince we used two adjustable parameters, one can ar-
gue that the ranking results obtained for CDC42 and roles of most of the human small GTPases in a cellular
(B) Rac1 switch-of-function mutants that induce a filopodia morphology. The examples with five primary and nine primary plus secondary
amino acid exchanges are shown. Both lead to a switch-of-function phenotype.
(C) The same mutations are shown for CDC42. Again, five mutations were sufficient to induce a marked switch of function so that CDC42 is
now inducing lamellipodia instead of filopodia.
(D) Quantitative analysis of the switch-of-function mutants shown in (B) and (C). Approximately 60–100 cells were analyzed for each construct.
Filopodia and lamellipodia morphologies were counted separately to show loss of function as well as gain of function. The bar pointing up
reflects the number of cells with lamellipodia and the bar down the number of cells that have filopodia.
Cell
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Figure 6. Identification of the Switch-of-Function Mutations in H-Ras, RalA, Rap2B, and R-Ras1 that Switch between Eyelash and Polar
Morphology Classes
(A) Bar diagram of conservation and divergence distances for the eyelash and polar morphologies. The same algorithm as in Figure 4A was
used.
(B) Bar diagram of switch-of-function positions sorted according to the predicted relevance. The same coefficients were used for the prediction
as in Figure 5A for Rac1 and CDC42. The two amino acids that were most relevant for the switch-of-function mutants are marked.
(C) Switch-of-function mutations are shown for H-Ras, RalA, and Rap2B, as well as for R-Ras1. The first two amino acids of the predicted
list were sufficient to induce the switch of function between the two morphology classes.
(D) Quantitative analysis of the switch of function for mutants shown in (C). Approximately 60–100 cells were analyzed for each construct.
The bar pointing up reflects the percent cells that had polar and the bar down the percent cells that had eyelash morphology.
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morphology context. For our assay conditions and for interactions with Raf and PI 3-kinase, and both were
located at opposite ends of the proteins (Figure 7B).the cell type used, almost half of the expressed small
An interpretation of this dispersion of switch-of-func-GTPase constructs induced marked morphology changes,
tion residues is that functional specificity evolved in theand the induced morphologies could be assigned to nine
Ras superfamily structural fold by two or more indepen-distinguishable classes: filopodia, lamellipodia, stress
dent changes of local interactions with different ef-fiber, rounded, shrunk, local spread, multiple, polar, and
fectors. Since many of these residues are at locationseyelashes.
outside the known interaction surfaces, it is suggestiveThe large number of mutants with an effect on cell
to propose that functional specificity for Ras superfamilymorphology supports the idea that small GTPases from
small GTPases is not only a result of a direct change ofdifferent subfamilies play central roles in defining a cell’s
residues that interact with effectors but also that morearchitecture. It will be interesting to perform this same
distant mutations can lead to allosteric control of selec-morphology analysis in addition to NIH3T3, Swiss3T3,
tive effector binding.and HeLa cells, and also in some of the specialized cells
such as epithelial cells, neurons, and muscle cells to
Usefulness of a Switch-of-Function Algorithmlearn whether the presence of cell-specific effectors
In order to create switch-of-function mutants, we triedmay further expand the list of possible morphology func-
first to adapt previous algorithms and then tested a newtions.
approach. In the case of algorithms that used functional
classification by sequence homology thresholds (CasariSmall GTPases with Switched Functionality
et al., 1995; Lichtarge et al., 1996a), we found that pre-A surprising finding was that the switch-of-function po-
dicted positions were dependent on where the se-sitions that converted an eyelash-type morphology to
quence homology boundaries of the classes were set.a polar morphology and a filopodia morphology to a
When we tested whether the relevant switch-of-functionlamellipodia morphology were unrelated to each other,
mutation positions have a pairwise correlation (Locklesssuggesting that there is no dedicated surface region for
and Ranganathan, 1999), we found no significant corre-specificity in the Ras superfamily structural fold (Figure
lation, suggesting that the different relevant functional7). To add another surprise to this, most of the sites
specificity sites for small GTPases are, on a first order,were also not near any of the known effector interaction
under independent evolutionary pressure to be mutatedsurfaces and were far apart from each other when
or conserved. The difficulty in employing these existingmapped onto the known structures. This result adds a
strategies led us to develop a new algorithm that wasnew dimension to the problem of functional specificity,
able to generate ranked predictions for switch-of-func-since it argues that functional specificity cannot readily
tion mutation sites.
be predicted by focusing on interaction surfaces.
By building on the concept that sequence conserva-
When looking at the results in more detail, all six small
tion within a functional class and divergence between
GTPases for which we engineered switch-of-function
functional classes are important, we calculated individ-
mutants had at least one position exchanged that in-
ual sequence distances of conservation and divergence
volved a change in charge and an exchanged aromatic
at each amino acid position using the experimentally
amino acid. When placing the five primary switch-of- analyzed functional core group as references. This was
function amino acids onto the structure of CDC42 (Fig- done without using a homology boundary of a functional
ure 7A), only two of the amino acids (positions 47 and class or including the condition that relevant residues
174) have been shown previously to interact with known are part of connected interaction surfaces. The switch-
effectors while three (positions 95, 116 and 144) were of-function algorithm that produced a ranking that
not part of known interactions between Rac1 or CDC42 closely correlated with our experimental data included
and their effectors ACK, WASP, or PAK (Abdul-Manan the product between conservation and divergence dis-
et al., 1999; Morreale et al., 2000; Mott et al., 1999). tances and the introduction of matrices that emphasized
None of these five sites have, to our knowledge, been charge and aromatic acid changes.
shown before to be important for the functional selectiv- Based on the empirical finding that only two members
ity of CDC42 versus Rac1. It is worth noting that when in a functional core group and about 50 related se-
we exchanged the two positions that can interact with quences from different species are sufficient to make
the effectors of Rac1 (positions 47 and 174; Table 1), correct predictions of the switch-of-function sites, it is
we did not find any significant morphology switch char- likely that this same algorithm will make useful predic-
acteristics. The same was true for CDC42. tions for most families of proteins and protein domains
Exchange of the next four predicted amino acids (po- that have more than one testable function. Such experi-
sitions 33, 41, 42, and 56) provided a slight additional mental classification assays may include binding stud-
boost to inducing the opposite morphology characteris- ies to different lipid and protein targets (for example
tics. Positions 33, 41, and 42 were part of the effector PDZ, SH2, SH3, C1, C2, or PH domains), assays for
interaction surface while the fourth, position 56, was substrate selectivity of different protein and lipid kinases,
again at a different surface location not related to known and other enzymes as well as cell-based, microarray,
effectors but may instead be involved in GDP to GTP or organismal assays using expression strategies with
exchange by GEFs (Gao et al., 2001). dominant-negative and constitutively active signaling
In the case of the Ras family members RalA, Rap2B, constructs.
R-Ras1, and H-Ras, the two amino acids responsible
for the eyelash versus polar morphology involved a Conclusions
change in charge and an aromatic residue change, re- Our study shows that the structural fold of Ras super-
family small GTPases can induce nine different morphol-spectively. Both were also not part of the known effector
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Figure 7. Mapping of the Switch-of-Function Residues onto the Small GTPase Structure
(A) Structure of CDC42 (purple) in complex with a WASP effector peptide (blue), shown from a front perspective and a 180 rotated perspective.
The nonhydrolyzable GTP analog, guanosine-5-(	/
-imino) triphosphate (GMPPNP) is shown in green. The five primary switch-of-function
residues are shown in yellow.
(B) Structure of Rap2 (purple) in complex with a Raf effector peptide (blue). The GTP analog is again shown in green. The two switch-of-
function residues are shown in yellow. While both amino acids have some surface exposure, they are not among the most prominent surface
exposed amino acids.
The PCR reaction was performed in different PCR conditions withogy classes. Furthermore, we discovered the residues
gene-specific primers by using pfu DNA polymerase (Stratagene).that define the filopodia, lamellipodia, polar, and eyelash
Isolated PCR products for the Ras, Rho, Rab, Ran, and RGK subfam-morphologies and found unexpectedly that the loca-
ilies were digested with appropriate restriction enzymes and cloned
tions of the switch-of-function sites were mostly outside into the ECFP (Clontech). Constitutive active and other mutant small
the known effector interaction surfaces and were far GTPases were made by site-directed mutagenesis using the Quik-
Change Site-Directed Mutagenesis Kit (Stratagene). Nucleotide se-apart from each other. These engineered small GTPases
quences of the mutants were verified by sequencing. Special con-with a changed functional selectivity will be useful as
siderations were used for making some of the constitutively activetools in pull-down assays to identify the function-spe-
enzymes: for Rap enzymes where the G3 motif was not conserved,cific binding partners as perturbation constructs to in-
we made mutations in the G1 GTP binding motif. Rho6, Rab25, and
vestigate crosstalk between signaling processes and kB-ras1 and 2 were not mutated since they have amino acids in
for testing whether particular cell functions are physio- the GTP binding site that makes it likely that the enzymes have
constitutive activity (Fenwick et al., 2000). The AGK family memberslogically relevant by creating mutant model organisms.
and several Rho and Ras family members, Rho7, RhoE, RhoH, ArhE,Finally, we have introduced in this study an algorithm
AGS1, ARHI, and RRP22 lack the amino acids corresponding toand a genome-based experimental classification strat-
Gly12 and Gln61 of Ras, which are critical for the GTP hydrolysisegy that can be employed to classify the functional
in the G1 and G3 motifs. Although the replacement of Gly by Ser,
space of protein families and to understand the struc- Ala, Gln, or Pro in the G1 motif leads to a weak intrinsic GTPase
tural basis of functional specificity. activity (Cohen et al., 1994; Finlin et al., 2000; Foster et al., 1996;
Guasch et al., 1998; Nobes et al., 1998), we changed these amino
Experimental Procedures acids to Val to make the constitutively active forms. We used both
wild-type and constitutively active forms of these GTPases in our
Cloning and Mutagenesis study.
Gene-specific primers for 132 human small GTPases were designed
by using a web-based program at (http://elegans.swmed.edu/). The
primers included appropriate restriction enzymes sites. Full-length Cell Culture and Transfection
NIH3T3, Swiss3T3, and HeLa cells were purchased from AmericancDNAs were isolated by PCR from Universal QUICK-Clone cDNA
(Clontech), or by RT-PCR with human brain total RNA (Clontech). Type Culture Condition (ATCC). NIH3T3, Swiss3T3, and HeLa cells
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were cultured in DMEM (Life Technologies) medium supplemented ces and the results were added. Two weight parameters for the
different matrices were optimized using the results obtained fromwith 10% FBS (10% CO2). Cells were split every 3 days. For transfec-
tion, cells were plated in Lab Tek Chambered coverglass (NUNC) the mutagenesis and functional expression studies.
coated with 1 mg/ml of poly-D-lysine (Sigma). After 1 day of plating,
cells were transfected with 500 ng of each DNA by using the Lipo- Acknowledgments
fectamin plus reagent (Life Technologies).
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